Introduction
Direct electron transfer (DET) with proteins is very significant in various fields related to proteins-based biosensors and biofuel cells, and has interested us for many years. [1] [2] [3] [4] [5] [6] [7] DET can eliminate the need for a mediator and increase the electron transfer rate. In recent years, a lot of work has been undertaken with the aim to obtain efficient DET using many kinds of redox proteins and enzymes. [8] [9] [10] [11] Since the redox-active center of an enzyme is deeply embedded in its protein shell, the distance between the enzyme redox center and the electrode surface should be reduced by modifying the electrode with various molecules, including self assembled monolayers, 12 or by changing the electrode materials and their structures. 13 Recently, electrode materials and their structures have been intensively studied to achieve efficient DET because various kinds of nanomaterialbased electrodes have been developed. Carbon nanomaterials are ideal modification materials for enzyme electrodes because they have a wide variety of nanostructures, including carbon nanotubes (CNTs), fullerene, graphene nanosheets, mesoporous carbon and carbon nanofibers (CNFs). [14] [15] [16] [17] [18] [19] These carbon nanomaterials can act as nanoscale electrical wires between the enzyme and the electrode. CNTs attract more attention than other materials due to their excellent conductivity and fine nanolevel structure. Previous reports show that CNTs can be used to construct an enzyme electrode for obtaining DET. 20, 21 However, in most cases, we still need to remove the catalyst to obtain a pure CNT, which makes CNTs more expensive than other carbon-based electrode materials.
CNF is an alternative material to CNTs, since it has sufficient conductivity and mechanical properties similar to those of CNTs. CNF can be prepared by pyrolyzing nanofiber without using any catalyst. A CNF is about one or two orders of magnitude larger in diameter than a CNT. Therefore, CNFs should have a lower surface area per weight than CNTs. However, several modification steps are usually needed to provide CNTs with a functionalized surface. This is because we first need to create open ends (or defect sites) at the closed sidewalls of the CNTs to which we can attach functional groups for further functionalization. 22, 23 In contrast, CNFs are lessordered materials and have more edge planes on their sidewalls, 23, 24 which may result in more facile electron transfer than CNTs. This also indicates that the CNF sidewalls are more reactive and the surface structure is easier to functionalize by using various chemical modifications. This characteristic is particularly important with regard to controlling the surface conditions of CNFs, such as hydrophilicity or biocompatibility. These conditions are directly related to the activity and stability of modified enzymes because they are strongly related to enzyme adsorption and the enzyme structure on the electrode surface.
In spite of the unique structure of CNFs, there have been few studies on their application to DET-based enzyme biosensors. One important reason is that CNF is originally hydrophobic, which is the reason for its poor dispersion in an aqueous solution. This is problematic when we modify an electrode with an enzyme and CNFs, because only an aqueous solution can be used for enzymes. Therefore, several CNF surface modification methods have been reported including the use of organic solution phase chemical reactions or a hybrid consisting of hydrophilic polymers and CNFs. We studied the direct electron transfer (DET) of proteins on a carbon nanofiber (CNF) modified carbon film electrode by employing the one-step UV/ozone treatment of CNF. This treatment changed the CNF surface from hydrophobic to hydrophilic because a sufficient quantity of oxygen functional groups was introduced onto the CNF surface. Furthermore, this simple approach increased both the effective surface area and the number of edge-plane defect sites. As a result, the reversibility of redox species, such as ferrocyanide and dopamine, was greatly improved on the treated electrode surface. We obtained on efficient DET of bilirubin oxidase (BOD) and cytochrome c (cyt c) at the treated CNF electrode, which exhibited 38 (for BOD) and 6 (for cyt c) times higher than that at untreated CNF modified electrode. These results indicate that the combination of nanostructured carbon and this UV/ozone treatment process can efficiently create a functionalized surface for the electron transfer of proteins. vertically aligned carbon nanofiber (VACNF) modified electrode. The CNF was modified by the reaction of liquid-phase molecules containing an alkene group induced by irradiating ultraviolet light for around 16 h. 25 Li's group also obtained the DET of hemoglobin (Hb) by using a hydrophilic organic-inorganic composite consisting of CNFs and Nafion, and then developed a Hb-based biosensor. 24 These previous reports suggest that hydrophilic CNFs with a sufficient number of functionalized surface groups are very significant for achieving DET. It has been reported that the surface oxygen functional groups of carbon nanostructures play an important role in both improving wettability and facilitating DET with enzymes, such as bilirubin oxidase (BOD). 26, 27 Therefore, an efficient modification of CNFs for introducing surface oxygen functional groups with a simple process is very important if we are to develop CNF-based enzyme modified electrodes.
We recently developed a UV/ozone treatment process for fabricating a surface nanostructure using electron cyclotron resonance (ECR)-sputtered nanocarbon film to realize the efficient DET of enzymes. This process increased the number of surface oxygen groups and also improved the surface wettability. 13 Compared with other modification methods, such as a plasma treatment or a chemical reaction in an organic solvent, the UV/ozone treatment is very simple, mild and easy to perform in ambient air at room temperature. Since the generated oxidants can permeate isotropically into nanospaces and activate the inside surface, this process can be applied to relatively thick nanomaterials, including CNFs. In contrast, anisotropic processes, such as plasma treatments only react with the surface layer and do not affect the inside of the materials because of masking by the surface layer. In recent years, some groups reported improved DET of BOD or cyt c using UV/ozone treated carbon based materials, such as CNT and carbon black (CB). 28, 29 This method is a simple and mild process, which is convenient to apply for other carbon-based nanomaterials.
Here, we report on the efficient DET of enzymes with a hydrophilic CNF-modified electrode, which we prepared with a simple one-step UV/ozone treatment. This easy modification technique can efficiently introduce oxygen functional groups homogeneously into a nanostructured CNF, and realize homogeneous dispersion and interfacial adhesion between a CNF and an electrode. We observed the efficient DET of BOD and cyt c at a treated CNF-modified nanocarbon film electrode. The mechanism of efficient DET with enzymes was explained by analyzing the surface morphology, wettability and the condition of oxygen functional groups.
Experimental

Materials
All of the chemicals employed in this study were of analytical grade, and used as received without further purification. Potassium ferricyanide and potassium chloride were purchased from Wako Pure Chemical Industries and Kanto Chemical, respectively. DA and cyt c were obtained from Sigma. BOD was purchased from Amano Enzyme Inc. (Japan). A 50 mM phosphate buffer (PB) solution with pH 7.0 was prepared for the dissolution of BOD and cyt c. All solutions were prepared with Milli-Q water (resistivity 18.2 MΩ cm at 25 C) supplied by a water purification system (Millipore, Direct-Q).
CNF preparation
The CNFs were fabricated by a electrospun method. They were prepared by the carbonization of stabilized polyacrylonitrile (PAN) nanofibers without the use of any catalyst during the carbonization process. The detailed synthesis procedures of the CNFs have been reported elsewhere. 30 SEM images of the as-received CNFs are shown in Fig. 1 .
Preparation of a UV/ozone treated CNF modified electrode
Our ECR-sputtered nanocarbon film was deposited at an acceleration voltage of 75 V, as previously reported. 31 Briefly, we cut the carbon material into rectangles, and then fixed a plastic tape with a 2 mm diameter hole in it onto these carbon films to form disk electrodes. They were used as base film electrodes, since they have been proved to provide good electron transfer that can successfully detect many redox species or biomolecules. 31, 32 A low-pressure Hg lamp (EUV110GS-36 L, SEN Lights Corp., Japan) was used for the UV/ozone treatment. The CNFs were crushed to form a powder consisting of short rods. The powder was then placed under a low-pressure Hg lamp that provided 185 and 254 nm UV illumination for an optimized 5 min treatment (40 mW/cm 2 at 254 nm measured at the sample surface). With Hg lamp irradiation in air, O2 absorbs the 185 nm UV light and forms ozone. The ozone then absorbs 254 nm UV light, and decomposes into atomic oxygen. In general, the CNF was modified by the action of the oxidants (ozone and atomic oxygen) and the UV energy. The reaction can be briefly summarized as follows:
O3 + UV (253.7 nm) → O + O2, 
The process for preparing the CNF-modified ECR electrode is shown in detail in Fig. 2 . First, 1 mg of the treated CNF nanocomposites was dispersed in 1 mL water by energetic mixing, to form a homogenous suspension solution. The CNF-modified ECR film electrodes were prepared by casting a 4 μL CNF suspension solution, which had been proved to be the optimum dosage, onto the surface of the ECR film, followed by drying at room temperature.
Apparatus
High-resolution X-ray photoelectron spectroscopy (HR-XPS) was performed with a Shimadzu/Kratos AXIS Ultra (Al Ka 1486.6 eV) spectrometer having a resolution of 0.02 eV to determine the elemental composition and the quantity of chemical bonds in the CNFs of film electrode surfaces. The morphologies of the electrode surfaces were evaluated by field-emission scanning electron microscopy (FE-SEM, S4800, Hitachi, Japan) and atomic force microscope (AFM, SPM-9600, Japan). The contact angle was achieved using a DropMaster DM 300 (Kyowa Interface Science Co., Ltd.). Milli-Q water droplets were used to characterize the surface hydrophilicity of the carbon film electrode. Raman spectra were acquired using a Raman micro spectrometer (DXR Raman Microscope, Japan) equipped with an optical microscope under ambient conditions with a 780 nm laser. The acquisition range was 50 -3300 cm -1 . Cyclic voltammetry (CV) measurements were performed with a computer-controlled ALS/CHI 730C electrochemical analyzer (CH Instruments, Inc., USA). A standard three-electrode cell was used. An ECR film electrode or a modified ECR film electrode was used as the working electrode. An Ag/AgCl (3 M NaCl) electrode and a platinum wire were used as reference and auxiliary electrodes, respectively.
DET measurements for BOD and cyt c
BOD was dissolved in a pH 7.0 PB solution. To obtain the physical adsorption of BOD on the CNF modified surface, the electrode was immersed in 1 mg/mL BOD for 1 h, and then rinsed with a PB solution. The electrode was then transferred to a PB solution for CV measurements. The DET measurement of cyt c was obtained in the same way.
Results and Discussion
Characterization of UV/ozone treated CNF-modified carbon film electrode
The surface morphologies of the untreated CNF and UV/ozone treated CNF-modified electrodes are shown in Figs. 3a and 3b . After the UV/ozone treatment, a rougher surface was observed at the treated CNF-modified electrode than at the untreated CNF-modified electrode.
An abundant rough nanoscale structure was formed evenly on the CNF surface in the modified layer. The improved morphology was also confirmed by AFM images, the average surface roughness of was increased from 4.0 to 10.6 nm after UV/ozone treatment (Figs. 3c and 3d ). This indicates that oxidants formed by the UV/ozone treatment can isotropically permeate into the layer and react efficiently with the CNF surface. The created rough nanoscale structures greatly increase the effective electrode area and could provide suitable active sites for sufficient biomolecule (such as enzyme) immobilization. A surface active edge-plane defect site is another important factor that affects biomolecule immobilization and its electrochemical response.
Raman spectroscopy was employed to obtain further information about the CNF microstructure. As shown in Fig. 3e , two distinct peaks can be observed at 1302 and 1592 cm -1 . They are commonly referred to as the D and G bands, respectively. 33, 34 The D band, which is attributed to the disorder of the carbonaceous structures, indicates the presence of defects in the graphite layer. However, the G band, which is associated with the sp 2 vibration of a perfect graphite crystal, reflects the original graphite features. The relative intensity ratio of the D band to the G band (R = ID/IG) serves as a measure of the number of defect sites that are present in the carbon materials. 30 It is reported that an R value close to or greater than one implies high disorder due to the presence of many defects in the graphitic structure. 35 The R value of the original CNFs is 1.47, which is much higher than that of other nanocarbon materials including ordered mesoporous carbon (0.700) and MWCNT (0.999), 30 suggesting that there were many edge-plane defect sites in the CNFs. As shown in Fig. 3f , after the UV/ozone treatment, the R value increased to 1.62, which indicates that more edge-plane defect sites were formed on the CNF surface. This result is consistent with a previous report stating that the oxidation of CNF with a concentrated H2SO4/HNO3 mixture creates more defect sites, and a higher R value is achieved. 36 Since the edge-plane defects displayed high electrocatalytic activity in relation to some biomolecules, 30 the increased edge-plane defect sites are beneficial for enhancing the electrochemical activity of an electrode.
HR-XPS analysis was performed to characterize the oxidation states and surface functional groups. Figures 4a and 4b show the XPS spectra of the original and treated CNF modified electrode surface. Peaks at 285 and 533 eV are assigned to C1s and O1s, respectively. 37 The O/C atomic ratios, based on the relative areas of the C1s and O1s peaks, increased from 0.019 to 0.129 after the UV/ozone treatment.
To gain a deep understanding of the change in the surface chemistry during the UV/ozone treatment process, we obtained high-resolution C1s spectra. As shown in Figs. 4c and 4d , the deconvolution of the C1s spectra yielded five peaks. They are graphitic carbon (284.5 eV), C-OH groups, (286.0 eV), C=O groups (287.3 eV), -COOH groups (288.8 -289.0 eV) and carbon present in carbonate groups and/or adsorbed CO and CO (290.4 -290.6 eV). This accorded with a previous report. 38 After the UV/ozone treatment, there was a significant decrease in the relative content of graphitic carbon and an enhancement in the relative content of carbon bonded to oxygen-containing functional groups. There was a 1.67-, 2.33-and 1.83-fold increase in the ratios of the C-OH, C=O and -COOH groups, respectively. The content of the carbonate groups or adsorbed CO and CO was almost constant. Therefore, these results indicated that the one-step UV/ozone treatment was able to efficiently introduce various oxygen functional groups.
Indeed, the introduction of the oxygen functional groups also improved the CNF wettability. Figures 4e and 4f confirm that the CNF contact angle changed from 136 to 20 degrees after the UV/ozone treatment.
The treated CNF was sufficiently hydrophilic to be well dispersed in water. 
Electron transfer of Fe(CN)6 3-/4-and DA at treated and untreated CNF-modified electrodes
To evaluate the electrochemical activity change caused by UV/ozone modification, we studied the electrochemical performance of the treated and untreated CNF-modified carbon-film electrode using two typical redox probes, Fe(CN)6 3-/4-and DA, which are sensitive to the electrode surface state, especially the edge-plane sites. As shown in Fig. 5a , a pair of redox peaks for Fe(CN)6 3-/4-with a peak separation (ΔEp) of 331 mV was observed at the untreated CNF-modified ECR nanocarbon film electrode. In contrast, the ΔEp at the UV/ozone treated CNF-modified ECR electrode decreased to 58 mV with a response current three-times greater than that at the untreated CNF-modified electrode. Similarly the ΔEp for DA decreased from 424 to 41 mV and the peak current had increased more than threefold after UV/ozone treatment, as shown in Fig. 5b . These results implied that the reversibility is significantly improved and the treated CNF-modified electrode exhibited faster electron-transfer compared with its untreated counterpart. Since edge planes and defect sites have been suggested to be the primary electron-transfer regions in carbon materials, 25 the improved electrochemical behavior at a treated CNF-modified ECR electrode is mainly attributed to the large increases in edge-plane defect sites, and the effective surface area. In Figs. 5c and 5d, as the scan rate increased, the ΔEp of redox probes gradually increased at the untreated CNF-modified ECR electrode (from 113 to 331 mV for Fe(CN)6 3-/4-and from 302 to 424 mV for DA). However, at the treated CNF-modified electrode, the ΔEp of the redox probes was almost unchanged. This result provides direct evidence that faster electron-transfer kinetics was achieved at the treated CNF-modified electrode than at an untreated CNF-modified ECR electrode. Figure 6a shows a CV of BOD physically adsorbed on the UV/ozone treated and untreated CNF-modified ECR film electrodes. When the electrode potential was cycled between 0 and 0.8 V in the presence of O2 (air saturated), the hydrophobic untreated CNF-modified ECR electrode showed a slight cathodic current of -0.94 μA cm -2 at 0.25 V, which suggests that the DET-type bioelectrocatalysis current of BOD is very low. 13, 39 This result agrees well with previous reports showing that a hydrophilic surface is needed to achieve efficient DET between BOD and an electrode surface. 13, 40 Instead, the cathodic current at the UV/ozone treated CNF-modified carbon electrode increased greatly to -35.8 μA cm -2 , which is almost 38-times greater than that on the untreated CNF-modified ECR electrode. This result was in good agreement with a previous report that a greatly improved DET of BOD was observed after a UV/ozone treatment for the CB electrode. 29 The increased DET-type cathodic current indicated the efficient catalytic reduction of O2, since the cathodic current was largely suppressed in the absence of O2, which is shown in the image of Fig. 6a . Because the wettability of the carbon surface is crucial for realizing DET of BOD, the improved hydrophilic surface is beneficial for the DET increase. In the present experiment, the increase degree of the surface area was assessed by the AFM data, as described above. This result agrees well with a previous study by Valdés et al., which showed that the surface area of the active carbon increased after moderate oxidation (a short time ozone treatment). 41 It should be pointed out that the DET of BOD increased 38-fold despite a 2.7-fold increase in the surface roughness after a treatment. This suggests that the increased DET-type catalytic current is not solely due to the increase in the adsorbed BOD. The improved surface morphology of CNF created a suitably rough nanolevel structure on the CNF surface, which would be crucial for adjusting the enzyme active redox center to the electrode surface. Therefore, the surface wettability increase and the improved rough nanolevel structure could synchronize and contribute to the efficient DET. It is important to note that the DET of BOD at the UV/ozone treated CNF electrode in this study was also much higher than those of other carbon-based electrodes (including ECR-nanocarbon, glass carbon (GC), boron-doped diamond (BDD), diamond like carbon (DLC), pyrolyzed polymers based on spin-coated polyimide and vacuum-deposited phthalocyanine films) treated in the same way as reported in our previous work. 13 The obtained DET currents at other carbon-based electrodes described above were 5.6 -20.6% of that obtained at the treated CNF electrode. In Ref. 13 , we also describe how we prepared a surface nanostructure by a long-time UV/ozone treatment that greatly improved DET of BOD. In addition, the surfaces of all these UV/ozone treated carbon electrodes turned to hydrophilic. These results clearly indicate that the combination of nanostructure and hydrophilicity greatly improve the DET of BOD.
DET-type biocatalysis of BOD and cyt c at UV/ozone treated CNF-modified electrode
We also achieved DET-type bioelectrocatalysis for cyt c, which is one of the most commonly studied enzymes for DET. As shown in Fig. 6b , the untreated CNF-modified ECR electrode exhibited an anodic and cathodic current of 2.54 and -2.70 μA cm -2 at -0.06 and 0.18 V, respectively. The formal potential for the redox reaction of cyt c is 0.06 V, which is consistent with previous studies. 42, 43 However, a pair of well-defined redox peaks of cyt c was observed at the treated CNF-modified ECR electrode with ΔEp = 108 mV (Fig. 6b) , suggesting that the reversibility of cyt c was significantly improved. Furthermore, the anodic and cathodic peak currents were amplified to 15.5 and -19.2 μA cm -2 , which were 6.1 and 7.1-times larger than that at its untreated counterpart. The increased DET-type biocatalysis is still larger than the 2.7-times increase in the surface roughness as described above. This also infers that the improved nanostructure is beneficial to shorten the distance between the cyt c redox center and the electrode surface. The increased surface oxygen functional groups, confirmed by XPS data above, could also contribute to the DET enhancement, since a previous report showed that the increased surface-bound oxygen groups could increase the DET efficiency of cyt c at treated CNT modified electrode. 44 Further study is being carried out to explore the relationship between the CNF-based modified electrode and other redox proteins in terms of efficient DET.
Conclusions
We developed an efficient direct electron transfer of redox proteins using an electrode modified with CNF after a simple UV/ozone treatment in ambient air at room temperature. The CNF surface became rougher after the UV/ozone treatment. The edge defect sites and the surface oxygen group also increased, and the CNF became hydrophilic, and dispersed sufficiently in water after the treatment. The electrochemical activity of the treated CNF-modified electrode was greatly enhanced, which was evaluated by measuring redox probes Fe(CN)6 3-/4-and DA. The treated CNF is suitable for enzyme modification. The oxygen reduction currents at BOD/treated CNF and cyt c/treated CNF-modified electrodes were 38 and over 6-times greater than those at untreated modified electrodes, which could be caused by increases in the rough nanostructure and oxygen functional groups with improved wettability. This simple functionalization process, which does not require any reagent, is suitable for relatively thick modified layers, since the generated oxidants can permeate inside the layer. The modified CNF is expected to be applied in various fields, such as the development of biosensors and biofuel cells. , scan rate = 50 mV s -1 ). Before electrochemical experiment, solutions were deaerated with high purity argon and maintained under argon atmosphere during measurements.
